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Summary 

Very accurate and simple equations are pres- 
ented for both single and coupled micros trip 
lines 1 electrical parameters, i»e« impedances, 
effective dielectric constants, and attenua- 
tion including the effect of anisotropy in the 
substrate. For the single microstrip the 
effects of dispersion and non-zero strip 
thickness are also included* 

Introduction 

In microstrip design it is often observed 
that the physical circuit performance differs 
significantly from that theoretically calcu- 
lated. This is due to factors such as atten- 
uation, dispersion, and discontinuity effects, 
which again are functions of physical para- 
meters and the actual circuit lay-out • The 
conclusion which may be drawn from this obs- 
ervation, is that optimum microstrip design 
should be based directly upon physical dimen- 
sions* This approach requires accurate 
models and for computer-aided design the 
models must also be in an easily calculable 
form. 

The models presented in this paper represent 
partly completely new models, but also revi- 
sions and expansions of some which have been 
given earlier ' ^# 2 # it has been a goal to 
obtain an accuracy which gives errors at 
least less than those caused by physical 
tolerances. The line models are based on 
theoretical data 1,2, while the discontinuity 
models also are based on experimental data. 

S ingle microstrip 

The model of the single microstrip line is 
based upon an equation for the impedance of 
microstrip in an homogeneous medium, 2 g 2 , and 
an equation for the microstrip effective 
dielectric constant, 



£ <u)~6 + (2,r-6) exp [ - (^Ml) 0 • 7528 ] 
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Here n. is wave impedance of the medium 
(376»7°£ in vacuum) and u is the strip width 
normalized with respect to substrate height 
{w/h) » The accuracy of this model is better 
then 0*01% foru<l and 0.0.3% for u < 1000. 
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The accuracy of this model is better than 0.2% 
at least for e r < 128 and 0,01<u<100. 

Compared to earlier equations, these give much 
better accuracy , in the order of 0,1% for tot h 
impedance and wavelength * They are also 
complete with respect to range of strip width, 
while earlier ones where given in two sets* 

Strip thickness correction 

In correcting the above results for non-zero 
strip thickness, a method described by Wheeler-* 
is used* However, some modifications in his 
equations have been made, which give better 
accuracy for narrow strips and for substrates 
with low dielectric constant* 
For homogeneous media the correction is 



Au x -| ln(l+ 



4exp(l) 
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where t is the normalized strip thickness* For 
mixed media the correction is 

Au^d-f-l/cosh/e^T) Au x (7) 

By defining corrected strip widths, u.,=u+Au^ 
and tu.su^Au r/ the effect of strip thickness may 
be included in the above equations 2 



(u, t,e r )=2 01 (u r ) //c e (u r ,e r ) 
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Dispersion 

As microstrip propagation is not purely TBM, 
both impedance and effective dielectric con- 
stant vary with frequenoy. Getsinger 4 has 
propsed the following model for dispersion in 
effective dielectric constant 



e eff 5=1 e r 



g r~ g eff <0) 
l+G{f/f p ) 2 
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where f =ZQ/(2u p h) may be regarded as an app- 
roximation to the first TE-mode cut-off freq- 
uency, while G is a factor which is empirically 
de termined * Ge ts inger gave an express ion for G 
which fitted experimental data for alumina 
substrates, but this did not give correct 
results for other substrates/ The following 
expression for G has been shown to give very 
good results for all types of substrates now 
in use; 

There is today not general agreement on a model 
for microstrip impedance dispersion • Based on 
a parallel-plate model and using the theory of 
dielectrics, the following equation was found. 
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While we would accept theoretical objections 
to this model on the grounds that microstrip 
impedance is rather arbitrarily def ined, it 
may be pointed out that it agrees very well 
with the calculations of Krage & Haddad § and 
that in the limit f+°» it is agreement with 
three of the definitions discussed by Bianco 
& al. It may also be noted that the model 

predicts a rather small but positive increase 
in impedance with frequency and that this 
would seem to fit experimental observations* 

Coupled microstrips 

The equations given below represent the first 
generally valid model of coupled microstrips 
with an acceptable accuracy. The model is 
based upon perturbations of the homogeneous 
microstrip impedance equation and the equat- 
ions for effective dielectric constant- The 
equations have been validated against theore- 
tically calculated data in the range 
0.l£u<10 and g _>G.01 (g is the normalized 
gap width (s/h) ) , a range which should cover 
that used in practise * 

The homogeneous mode impedances are 

•olm^'^^ftl^/ 11 "*©! 1 **^^'*^©* 1 (13) 

where the index m is set to e for the even 
mode and o for the odd. The effective dielec- 
tric constants are 

W u '*' e r>HH + -I- P m (u ^' e r ) (14) 

F e Cu,g,s r )«£l + aT J8 5r ]-«Cl«)b(«rJ (15) 

F 0 <u,g,e r > - £ 0 <u,g,e r ) H^)^ Wh ^ (16) 
The modifying equations are as follows 
* h tort ~<P * <s>- Tot ( g) u m ( g) +U-« (g) 1 u"" 1 * (g) J > 
.0.172 
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When the development of the above equations 
was done (1) and (2) were not available. In- 
stead a simpler equation for homogeneous 
microstrip impedance with a maximum error of 
0.3% for u >0.06 was used? 



Z 01 (u) ~ n 0 /(u+1.98 u 0 * 172 ) 



(32) 



The errors in the even and odd mode impedances 
where then found to be less than 0*8% and 
less than 0.3% for the wavelengths, The above 
model does not include the effect of non-zero 
strip thickness or assymetry. It is a goal at 
ELAB to include these factors, although the 
parameter range probably will have to^'be re- 
stricted to the strictly practically useful in 
regard of the complexity of the above equations „ 

Dispersion is also not included presently* 
Getsinger? has proposed modifications to his 
single strip dispersion model , but unfortu- 
nately it is easily shown that the results 
are asymptotically wrong for extreme values 
of gap width* However, it is possible to 
modify the Getsinger dispersion noael so that the 
asymp^fcoticc values are satisfied for coupled 
lines, but the details remain to be worked out 

Attenuation 
The strip capacitive quality factor is 



a-q>+q £ r 
a-q>/Q A +qe r /Q s 



(33) 



where q is the mixed dielectric filling frac- 
tion, Q a is the dielectric quality factor of 
the upper half space medium, and Q is the 
substrate quality factor* 

The strip inductive quality factor is approxi- 
mated by 8 - 

Q c - 11 Z 01 h f 



u 
K 



(34) 



where R is the skin resistance and K is the 
current s distribution factor. Surface rough" 
ness will increase the skin resistance 2- «, 



=R sf (0)[i+ I arc. tan i.4(y)*1 



(35) 
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where 6 is the skin depth and A is the rms 
surface roughness, 

For the single microstrip current distribution 
factor we have found 



exp{-1.2( ^ ) 0>7 ). 



(36) 



tropic substrate, may be directly calculated 
with the above equations , while the substrate 
quality factor has to be modified i 



*sx *sy 



(45) 



to be a very good approximation to the curreit 
distribution factor due to Pucel et al, 9 
provided that the strip thickness exceeds 
three skin depths* 

The mictro strip quasi-TEM mode quality factor, 
Q Q , is now given by 



u o u d w c 

and the attenuation factor becomes 



(37) 



Discontinuities 

Due to the illnes, modelling of microstrip 
discontinuities could unfortunately not be 
finished to meet the digest deadline* The 
final paper presented at the symposium will 
give models for the microstrip open end, the gap / 
compensated right-angle bend, and the T- junction . 
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The above loss equations are also valid for 
coupled micro strips 8 , provided that the di- 
electric filling factor, homogenious impe- 
dance 9 and current distribution factor of the 
actual mode are used, Presently/ no equations 
are available for the odd and even mode curimt 
distribution factors* Except for very tight 
coupling, however, the following approxi- 
mation gives good results 



K e - K Q = expt-1.2 0 



Z ole* 2 dC K0»7 
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(39) 



Anistropy 



From recent work it may be shown that 

the above models are also valid with aniso- 
tropic substrates by defining an isotro- 
pyized substrate where 



h/e^/ey' 



e eq * 



(40) 
(41) 



This method requires that one of the substrate's 
principal axes is parallel to the substrate 
(x-axis) and the other normal to the substrate 
(y-axis) * The strip dimensions remain un- 
changed, but are normalized with respect to 
h • The procedure for utilizing the above 
models then proceed through calculation of 
the mode capacitances, C » 
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Here V is the mode phase velocity and 
2 tne mode impedance on the isotropyized 
sSBstrate* Calculating the homogeneous mode 
capacitance, G - , the impedance and effective 
dielectric conStant on the anistropic sub- 
strate are then 
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